To evaluate the usefulness of phenotypic and genotypic analyses for the epidemiologic typing of methicillinresistant Staphylococcus aureus (MRSA), we characterized 64 epidemic MRSA isolates and 10 sporadic methicillin-susceptible S. aureus isolates from a university hospital and 18 MRSA isolates from hospitals in different geographical areas. Chromosomal DNA macrorestriction analysis with Sstll was resolved by pulsed-field gel electrophoresis and compared with antibiotype analysis, phage type analysis, and standard genomic DNA restriction analysis with BgM. Indices of the discriminatory ability of these methods were 0.982, 0.959, 0.947, and 0.959, respectively. Macrorestriction patterns of 94% of MRSA isolates from patients, personnel, and the environment associated with a nosocomial outbreak were closely related (similarity coefficient, 85 to 100%). In contrast, methicillin-susceptible S. aureus isolates showed a marked diversity of macrorestriction patterns (median similarity, 41%). MRSA isolates from other geographical areas showed diverse macrorestriction patterns, with the exception of four isolates displaying identical or closely related patterns; these isolates were associated with concurrent outbreaks in four other Belgian hospitals. A concordance of genomic DNA macrorestriction typing with phenotypic methods was observed for 60 to 65% of MRSA isolates, and a concordance with standard DNA restriction analysis was found for 79 to 98% of these isolates. In conclusion, genomic DNA macrorestriction analysis was a useful complement to phenotypic methods for delineating epidemic isolates of MRSA, for identifying their nosocomial reservoirs, and for tracing their intra-and interhospital spread. The genetic relatedness of MRSA isolates, as estimated by this technique, appeared to correlate with their space-time clustering.
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Endemic and epidemic nosocomial infections caused by methicillin-resistant Staphylococcus aureus (MRSA) represent an increasing problem in many parts of the world (3, 6, 25) . Epidemic strains of MRSA are associated with excess morbidity and mortality; therefore, specific surveillance and control programs are required to target cost-effective control efforts (25) . For identifying the sources and monitoring the spread of epidemic MRSA strains, a number of epidemiologic markers have been useful, including antibiotype, biotype, phage type, plasmid profile, structural protein or enzyme electropherotype, and restriction analyses of chromosomal DNA by classical electrophoresis, pulsed-field gel electrophoresis (PFGE), or Southern hybridization with various probes (6-9, 11, 12, 14, 15, 17-21) . However, phenotypic systems have limitations in typing ability and stability, and many typing systems have a low discriminatory ability (7, 20) . Among genotypic analysis techniques under active investigation, PFGE of macrorestriction fragments appears to be a highly sensitive method that may detect subtle genetic variations among phylogenetically and epidemiologically related isolates of various bacterial species, including S. aureus (1, 14, 21, 23) .
We describe here a typing system for MRSA based on contour-clamped homogeneous electrical field (CHEF) analysis of genomic DNA macrorestriction fragments generated by low-frequency-cleaving endonucleases (1 Representative isolates (n = 8) from seven outbreaks in six other Belgian hospitals were selected as the predominant phage type(s) associated with each outbreak. Three of these outbreaks occurred between 1981 and 1984, and four occurred between 1990 and 1991. These isolates were maintained freeze-dried in the collection of the Institut Pasteur du Brabant, Brussels, Belgium. In addition, the following unrelated MRSA isolates (n = 10) of diverse geographical origins (8, 20) (12) . Similarity coefficients were calculated as the mean of duplicate coefficients measured by two independent observers. Only gels showing reproducible mobilities of internal controls, including a lambda polymer and restricted DNA from a study strain of MRSA (EH-SAM 44), were included in intergel comparisons. Strains were clustered on the basis of their level of genetic similarity by the method of unweighted pair-group average linkage by use of a previously described program (16) . The median genetic similarity values for groups of MRSA strains were compared by the Mann-Whitney test with the Stat-Pac Gold statistical package for an IBM-compatible microcomputer (Malonick, Minneapolis, Minn.).
REA. For restriction endonuclease analysis (REA) of total DNA, genomic DNA was extracted and prepared as described previously (11) . Purified DNA was digested with BglII in accordance with the recommendations of the manufacturer (GIBCO-BRL). Restriction fragments were separated by electrophoresis at 50 V for 18 h in 0.7% agarose gels containing 0.5 ,g of ethidium bromide per ml and photographed under UV light. A linear DNA ladder (GIBCO-BRL) was used as a molecular size marker.
Antibiotype. The susceptibilities of the isolates to the 20 antimicrobial agents listed in Table 1 Determination of reproducibility and discriminatory ability.
To assess the reproducibility of typing, we typed pairs of duplicate blood culture MRSA isolates from six patients in the same run. Reproducibility was defined as the percentage of pairs with concordant types. The index of discriminatory ability was calculated as previously described (13) on the basis of the type distribution among the 18 control MRSA strains from different hospitals. Because a single base mutation in the chromosomal DNA is sufficient to introduce a difference of three fragments in its restriction pattern, isolates with restriction patterns showing a one-to threefragment difference were considered to belong to a common major restriction type.
RESULTS
PFGE of macrorestriction fragments. S. aureus DNA digested with SstII produced 8 to 22 well resolved fragments of 20 to 500 kb ( Fig. 1 ). Only fragments delimited by molecular weight markers (50 to 500 kb) were analyzed for the com- (Fig. 3 and 4) Fig. 3 . PFGE types and hospitals are labeled as shown in Fig. 3 (6-8, 17, 18, 20, 21) . As a result, discrimination between MRSA strains by classical typing methods, such as antibiotyping or phage typing, has often been difficult (6, 7, 18) . The majority of MRSA strains worldwide have become resistant to multiple antibiotics, including beta-lactams, aminoglycosides, macrolides-lincosamides and, more recently, fluoroquinolones (3, 6, 11, 18) . Similar resistance profiles were found for the Belgian MRSA strains examined in this study and a previous study (24) . It is likely that these resistance characteristics provide MRSA strains with a selective advantage for nosocomial colonization and subsequent spread. Additional resistance, e.g., to chloramphenicol, occasionally has been useful in distinguishing between MRSA strains, but such a characteristic is often plasmid borne and therefore can prove to be unstable during the course of an epidemic (6, 7, 18) . In this outbreak investigation, variations in antimicrobial resistance pattern from that of the prototype strains did not appear epidemiologically relevant when they were dissociated from observable genotypic variations. These findings suggest that in vivo or in vitro phenotypic instability may occasionally hamper reproducibility rather than increase the discriminatory power of these combined typing methods. Nevertheless, resistance typing showed a high discriminatory ability for strains of unrelated geographical origins and a good correlation with DNA fingerprinting, suggesting that it may be a useful primary typing tool for MRSA. In fact, only 13 of the 20 antimicrobial agents tested contributed to the overall discrimination, since all MRSA strains were resistant to beta-lactams and, conversely, all were susceptible to glycopeptides, novobiocin, fusidic acid, and virginiamycin.
Bacteriophage typing has been the reference epidemiologic typing method for S. aureus despite problems in reproducibility (7, 18) . However, some MRSA strains are poorly typeable with the standard set of phages, and typeable strains tend to react with similar group III phages irrespective of their epidemiologic origins (6, 7, 18) . In this study, the discriminatory ability of phage typing was biased towards an overestimate, since control strains were selected as the predominant phage types associated with distinct hospital outbreaks. Nevertheless, we found that phage typing at 100 times the RTD was a sensitive method that allowed discrimination between unrelated strains and confirmed the epidemic dissemination of predominant phage types among patients and personnel in our institution.
Molecular techniques have proved to be additional useful tools in recent epidemiologic studies of MRSA (4-9, 11, 14, 15, 17-21) . Plasmid analysis has enabled tracing of hospital transmission of MRSA strains, although problems related to plasmid instability or to poor discrimination among the few conserved plasmids commonly found in MRSA are significant limitations of this marker system (7, 14, 15, 18) . Additional discrimination may be achieved by REA of plasmid DNA (18) . Multilocus enzyme electrophoresis has shown limited discriminatory ability for MRSA from French hospitals (4) . Electrophoretic profiling of staphylococcal proteins resolved by direct staining or immunoblotting has displayed variable discriminatory capacity (8, 18) . Strict standardization of the latter techniques is required to obtain reproducible results, and numerical analysis of densitometric profiles appears necessary to study the relatedness of MRSA strains determined by these complex electropherotypes (8) . REA of genomic DNA can detect nucleotide sequence variations randomly distributed along the bacterial chromosome, and this approach has been found superior to conventional typing in studies of many bacterial species, including S. aureus (1, 6, 9, 10, 12, 14, 15, (18) (19) (20) (21) 23 (2) or DNA fragments have been subjected to Southern hybridization with rRNA gene probes (9, 11, 20) , random chromosomal DNA probes (19) , or aminoglycoside resistance gene probes (17) , the last showing superior discriminatory power.
PFGE can resolve the large DNA fragments obtained from chromosomal DNA digested with low-frequency-cleaving enzymes, thereby allowing macrorestriction analysis of genomic DNA of various bacterial species (1, 10, 23) , including MRSA strains (9, 14, 21) . Recent data suggest that this technique is the most discriminating of the currently available genotypic methods (1, 18, 23) . Because it allows the detection of minor genomic rearrangements, recent evolutionary changes can be observed in isolates obtained serially from patients with chronic infections (10) . The definition of clonality should therefore be a relative one that is empirically adapted to the discriminatory power of the analysis and to the time frame and population under study (1, 18 (12, 15, 21) .
When a single fragment difference was used to distinguish types, standard genomic DNA restriction analysis with the enzyme BglII showed a 78% concordance with SstII macrorestriction analysis of MRSA strains. When a clone was defined on the basis of a maximal divergence of three restriction fragments, an almost complete agreement was found between these genotypic techniques. However, subdivision of the epidemic MRSA clone into 11 genotypic variants was obtained by the combined restriction analyses. Because we compared low-molecular-weight BglII restriction fragments, it is possible that some variant patterns were related to a distinct plasmid content (2) . In contrast, plasmid DNA does not appear to interfere with macrorestriction proffles (21) . However, compared with macrorestriction analysis, standard restriction analysis had the advantage of being a more simple and rapid technique. We found it best suited for practical purposes, such as the epidemiologic classification of chronic MRSA carriers considered for systemic eradication therapy.
Macrorestriction analysis appeared more suitable for the determination of genetic relatedness among MRSA strains of various origins because of its well resolved, reproducible, easily compared restriction fragment patterns. Other techniques have been used to assess the relatedness of MRSA strains from diverse geographical areas. By sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis of total protein, epidemic MRSA strains of British and Australian origins were found to cluster at similarity levels above 80% (8) . By ribotyping, the same strains were found to cluster at similarity levels above 90% (20) . In the present study, epidemic MRSA strains of Belgian and worldwide origins were well delineated by macrorestriction analysis. Similarity levels were as low as 62% for unrelated MRSA strains from Belgium and even lower for sporadic methicillin-susceptible S. aureus strains. Of particular interest was the observation that the genetic relatedness of MRSA strains, as approximated by visual analysis of macrorestriction patterns, appeared to correlate with their respective distance in place and time of isolation. If confirmed in larger studies, this observation would suggest that the measured similarity of the macrorestriction banding patterns is proportional to the conservation of the distribution of restriction sites along the chromosome and thus to sequence homology, despite potential interference by other factors, such as the restrictionmodification system. Collaborative work is in progress to define better the degree of DNA relatedness among MRSA strains of worldwide origins by a variety of macrorestriction approaches and standardized gel analysis (5) . Macrorestriction analysis also established that a "new clone" of MRSA was associated with a multihospital epidemic in Belgian hospitals. This finding has prompted a national survey to determine the extent of MRSA strain dissemination in this country and to explore potential links to epidemics in neighboring countries. Further standardization of macrorestriction techniques, including computerized pattern recognition analysis, should allow more accurate intergel and interlaboratory reproducibilities (5) . This standardization is a prerequisite to transforming these techniques into a library typing system that may be suitable for the large-scale study of the epidemiology and evolution of MRSA.
